With the widespread availability of capnography, many anaesthetists have swung away from formally verifying hypocapnia by intraoperative arterial blood gas analysis and, instead, have come to rely upon capnography as an acceptable and constant predictor of arterial CO 2 tension (PaCOJJ during neurosurgery. However, the nature of the arterial-endtidal CO 2 gradient is complex, and is frequently unexpectedly large, or even negative. The importance of close intraoperative CO 2 control during neurosurgery-more specifically, routine hyperventilation, and our reliance upon capnography to guide intraoperative management-is reappraised. There is a growing appreciation of the adverse effects of hyperventilation and hypocarbia, especially upon abnormal or ischaemic brain, and it is clear that capnography alone cannot be used to confidently predict the true P a C0 2 during neuroanaesthesia.
Capnography is commonly used to help control carbon dioxide levels during anaesthesia for craniotomy, neurovascular procedures and carotid endarterectomy. Intraoperative manipulation of arterial C02 (P aC02), whilst traditionally considered an integral part of neuroanaesthetic management l -4, may have unpredictable and detrimental effects upon cerebral haemodynamics.
The traditional rationale jor intra-operative CO 2 control during neuroanaesthesia
During craniotomy for tumour debulking, moderate hyperventilation to an approximate P aC02 of 30 mmHg should provide a significant reduction in intracranial pressure (ICP) with minimal risk of inducing cerebral ischaemia 5 ,6. The subsequent production of a "slack" brain may prevent retraction injury and improve access to deeper structures by the surgeon. Following removal of large tumours, normocarbia is employed to allow normal brain to gently re-expand into the resulting cavity, to better identify areas of poor haemostasis by allowing cerebral vasodilation, and to hasten the onset of spontaneous respiration and emergence.
Acute hyperventilation is also an important emergency manoeuvre to reduce ICP by reducing cerebral blood flow (CBF) and cerebral blood volume (CBV). This may prevent brain herniation in patients with a rapidly expanding haematoma prior to decompressive craniotomy7, the magnitude of the reduction in ICP being dependent largely on the patient's intracranial compliance. However, caution is important in patients with trauma-induced cerebral oligaemia, reduced cerebral metabolic rate (CMR02) and altered C02-responsiveness8. In these patients even moderate hypocarbia may promote further ischaemia, reduce jugular venous 02 saturation', and cause cerebral lactic acidosis, without a beneficial fall in ICP.
In normal brain, global CBF varies by 2.5070 per mmHg change in P a co 2 , representing a linear fourfold increase in CBF over the P aC02 range of mmHglO. Maintenance of a normal or low normal P aC02, and the promotion of normal regional cerebral blood flow patterns around ischaemic or potentially ischaemic brain, is an important principle during anaesthesia for cerebral artery aneurysm surgerylO (especially during induced hypotension, or "temporary clipping" of the aneurysm), carotid crossclamping and endarterectomyIl-12, and during removal of arterio-venous malformations (AVM). Intracerebral steal and inverse-steal effects of hypercarbia and hypocarbia 13 imply that regional CBF in areas of ischaemic brain may be manipulated intraoperatively by close C02 control. However, C02-responsiveness in areas of abnormal brain appears unpredictable and it seems safer to simply maintain normocarbia in patients at risk from intraoperative focal cerebral ischaemia lO ,12,14, The avoidance of excessive hypocarbia is also important in preventing increases in transmural pressure across a freshly leaking cerebral aneurysm that is tamponaded by the surrounding cerebral tissuehence reducing the risk of the aneurysm rupturing prior to definitive clipping 1o . Adaptation to prolonged hypocapnia will occur due to normalization of CSF pH and bicarbonate levels. Despite this, relatively small, sudden increases in P aC02 in patients who have been hyperventilated for more than 24 hours may cause severe rebound intracranial hypertension 1l . Consequently, careful continued hyperventilation and prevention of alterations in mechanical ventilation is important in transporting and anaesthetizing patients with raised rcp.
Many of the principles discussed are relevant during spinal cord surgery as well as in the postoperative intensive care management of patients with head inj ury [16] [17] [18] or cerebral vasospasm.
Arterial to endtidal CO 2 differences during neuroanaesthesia
Considering that neuroanaesthetists have come to rely upon capnography as a fairly accurate and constant guide during the manipulation of intraoperative P aC02 levels, it is surprising that the average value for the P aco2-endtidal C02 (Et C02) difference, and its use in predicting subsequent P aC02S during neurosurgery, attracts such little attention in the literature.
One intraoperative study of neurosurgical patients, primarily evaluating transcutaneous 02 and C02 monitoring, found a mean P aC02-EtC02 gradient of 27 ± 4 mmHg during venous air embolism (VAE)19.
The authors commented that the mass spectrometer EtC02 correctly identified hypocarbia, normocarbia or hypercarbia, based on P a C0 2 values, in only 82070 of observations. Another recent study20 found small and steady Pac02-EtC02 gradients in sixteen patients undergoing prolonged neurosurgical procedures.
Our group21 recently studied patients having intracranial or neurovascular procedures performed under general anaesthesia. Anaesthesia maintenance consisted of isoflurane, propofol or thiopentone. Mechanical ventilation was varied to attain a desired P aC02 as predicted from the capnograph. Ninety-six patients had a total of 176 arterial blood gas (ABG) samples taken, the commonest operation being elective craniotomy for tumour resection. The mean P aCOrEtC02 gradient was only 4 ± 4 (SD) mmHg, but the range was -6 to 15 mmHg. Many patients had gradients ~ 8 mmHg (22070 of patients), or negative gradients (13070 of patients) measured on at least one occasion. Six percent of patients had gradients ~ 10 mmHg. Eighteen percent of gradients varied during surgery by ~ 4 mmHg (range -8 to + 6 mmHg).
Furthermore, 16070 of samples predicted to be hypocarbic by capnography were in fact normocarbic (~36 mmHg) or severely hypocarbic (:s 24 mmHg). Knowledge of the P aC02 caused a subsequent change in the management of 17070 of our patients; however, these changes did not seem to influence operating conditions. Subsequent analysis of the data was unable to find any clinically useful linear relationships between the magnitude of the gradient and age, preoperative BP, spirometry and intraoperative BP or temperature. The EtC02 and P aC02 were not strongly correlated (r = 0.74). The data suggested that there is often a large and unexpected PaCOrEtC02 gradient during anaesthesia for craniotomy and neurovascular procedures, that the gradient cannot be assumed to remain steady throughout the procedure and that the common practice of prediction of P aC02 from capnography is unreliable.
The PaCOrEtC02 gradient in neurointensive care
The role of capnography in the postoperative management of neurosurgical patients has also recently been appraised by Russell and Greybeal 16 . They found a mean gradient of 6.9 ± 4.4 mmHg with a range of -9.8 to 19.9 mmHg in a group of ventilated neurointensive care patients. The size of the P a CO r EtC0 2 gradient correlated with mean arterial pressure (MAP), diastolic blood pressure (DBP), inspired 02 concentration (Fj02) and the Paco2' These correlations, although inconsistent with other studies by the authors 22 , may be related to differences in cardiac output and venous admixture affecting ventilation-perfusion CV /Q) mismatching in the lung.
There was a correlation between P aC02 and EtC02
(r = 0.72) but for individual patients, only 58070 of patients had a stable gradient over time. Changes in EtC0 2 values between serial ABG samples were unable to predict even the direction of the P aC02 changes in 31 .9070 of samples. The authors concluded that assuming a P a C0 2 from an EtC02 value and predicting subsequent P aC02 from the initial gradient is inaccurate, and they recommended regular ABG sampling for close P aC02 control in neurointensive care patients. Engoren 17 ,  in another survey of neurosurgical intensive care practice, found that assuming a stable P aC02-EtC02 gradient for the duration of a patient's admission from a single ABG, led to "unacceptable" P a C0 2 levels, although the clinical relevance of this was not discussed. However, by reassessing the gradient with more frequent ABG sampling, i.e., once a day, or when significant ventilator changes were made, P aco2 could be predicted within 2 mmHg of the EtC02 72.4070 of the time and within 4 mmHg 97.1 % of the time.
Mackersie et aIlS, in an earlier study, however, found the mean Paco2-EtC02 gradient to be only 2.5 ± 2.5 mmHg in a group of ventilated head injured patients, and found no correlation with blood pressure, age or the PaC02'
The PaCOrEtC02 gradient in general surgical patients
The PacorEtC02 difference has been extensively studied in non-neurosurgical patients. Takki et aP2, found a mean gradient of 3.6 mmHg, while Russell et aP2, Weinger and Brimm 24 and Donati et aps found average gradients of 5.47 mmHg, 4.24 mmHg and 3.28 mmHg respectively in perioperative cardiac surgery patients. Interestingly, Bermudez and Lichtiger26 found a mean gradient of only 2.86 mmHg prior to cardiopulmonary bypass (CPB), but a mean gradient of 11.48 mmHg following CPB. The authors suggest this wide gradient might have been due to microembolization, or residual pulmonary vasoconstriction. There were no differences in the mean gradient seen between smokers and nonsmokers. Subsequent correspondence and discussion 27 questioned any change in dead space following CPB and was critical of Bermudez and Lichtigers methods.
Whitesell et aps retrospectively analysed temperature correlated PacOrEtC02 differences over a ninemonth period from computer generated anaesthetic records. Mean P aC02 values were 0.8 mmHg (no lung disease) and 3.3 mmHg (lung disease) greater than EtC0 2 values, and the size of the gradient correlated with age and the presence, but not severity, of lung disease. The authors concluded that confirmatory ABG sampling is not necessary in young healthy patients undergoing major surgery, but that in elderly patients with lung disease, one sample to check P aC02 is useful to then assume a constant P aC02-EtC02 gradient, which they found to be independent of duration of anaesthesia. Raemer et aP9, in a follow-up study of 15 patients undergoing major surgery, found that variations in the PaC02-EtC02 gradient in individual patients were comparable to or greater than the differences in gradients between patients. They found the size of the gradient to be often greater than 8 mmHg, there being no consistent correlation with several physiological variables, or even with subsequent gradients during the case. This confirmed Askrog et al's30 early work that showed that the gradient may actually increase over time; these latter gradients, however, were derived during deliberate hypotension with tilting.
Negative Gradients
Several authors have also reported a small incidence of negative P a CO r EtC0 2 gradients l6 ,31-33 in a wide variety of patient populations. However, a much greater incidence of negative gradients is recognised in pregnancy34, exercise and with large tidal volumes 3s . Reasons for this include slow emptying of long-time constant alveoli containing C02 levels approximating mixed venous C023S, transitory variations in V IQ matching and deadspace, the use of low frequency ventilation 36 ,37 and P aC02 fluctuations during the respiratory cycle 34. The existence of such negative gradients further complicates the assumption of P a C0 2 s from EtC02 values.
Predicting P a C0 2 by capnography
In theory, under stable ideal physiological conditions, with perfectly accurate monitoring, the P a CO r EtC0 2 gradient should be close to zero. That is, P aC02S could be assumed precisely and repeatedly, from EtC02 values, obviating the cost and delay associated with intraoperative ABG sampling. In reality, one assumes that an end-tidal C02 value represents sampling from all alveoli in the lung following complete emptying, and that perfusion to these alveoli is ideal. There are many reasons why these assumptions may not be valid 38 -40 . Even in healthy, anaesthetized, mechanicallyventilated individuals there may be an unpredictable degree of V IQ mismatch in the lungs. The degree of V IQ mismatch is increased in respiratory disease.
Re!ati.vely poorly ventilated, long-time constant alveoli HV IQ or shunt) contain high levels of CO 2 and may not empty completely with each breath. This causes a slowly rising capnogram which may not plateau by the time the next breath occurs and EtC02 is measured. The subsequent underestimation of P aC02 by the capnograph in the presence of a shunt occurs especially at low tidal volumes, high respiratory rates and mechanical ventilation 31 ,36,41,42 . Relatively underperfused alveoli (tV IQ or dead space) contain low levels of C02 which empty rapidly with exhalation, and these alveoli will also underestimate the true P aC0239,40 in increased deadspace ventilation. Increases in shunt or dead space ventilation will lead to a widening of the Pac02-EtC02 gradient, especially in the presence of respiratory disease. Yananaka and Sue 43 did find an average gradient of 18 mmHg in 17 patients in respiratory failure whilst Hatle and Rokseth 44 found increased gradients in a higher percentage of patients with chronic obstructive lung diseases. More recently, in animals undergoing laparoscopic surgery45, the increase in the gradient caused by C02, or helium insufflation, was greater in subjects with emphysema compared with healthy controls.
During anaesthesia, periods of haemodynamic instability, reduced cardiac output, hypovolaemia or pulmonary vasoconstriction will increase deadspace ventilation and increase the gradient 17,26,28,29,46. Other less well defined influences on the gradient include the effects of anaesthetic agents on pulmonary blood flow and cardiac output, surgical positioning, patient temperature, metabolic rate and CPB26,29,38,39. Finally, some anaesthetic circuits and many equipment and monitor faults may also increase the PaCOrEtC02 gradient, usually with a change in the capnograph 39 ,40. Even if imperfect capnographs are excluded from analysis, however, the agreement between P aco2 and EtC02 may be unchanged 32 -undoubtedly reflecting the many factors that may affect the gradient.
Reliance upon capnography during neuroanaesthesia
Neurosurgical patients undergoing craniotomy or neurovascular procedures, especially in emergency situations, frequently have pre-existing lung disease, acute lung injuries from chest trauma or aspiration, temperature abnormalities, and haemodynamic instability from blood loss, forced diuresis, raised ICP or deliberate hypotension l6 , All these factors, as discussed previously, may cause a large and changing PacOrEtC02 gradient during neurosurgery. These physiological and pathological aberrations are most frequent in sick patients, and yet in practice these patients are the ones in whom we rely most on capnography to rapidly manipulate ICP and intracranial haemodynamics.
Improving the prediction of Paco2from capnography
Temperature-corrected P aC02 values and the use of an expiratory pause are two ways that have been suggested to reduce the P aCOrEtC02 gradient.
The use of temperature-corrected blood gases is controversial and only considered by several authors I8 ,25,28,33. P aC02 measured and reported at 37 CC by the blood gas analyser can be corrected to actual patient temperature using Bergman's47 formula: P a C0 2 (corr) = PaC02 (meas) x lOfl>T where P a co 2 (corr) and P a C0 2 (meas) are the temperature-corrected and the measured P aC02S respectively, f is a correction factor, estimated between 0.019 and 0.023, and llT is the difference between the patient's temperature and 37 cc. The corrected P aCo2 will be reduced by 2 mmHg per CC decrease in patient temperature from 37 cC25,28, representing a 5070 decrease per cc. This may help reduce the PaCOrEtC02 gradient in patients with significant intraoperative hypothermia, common in neurosurgical patients. Despite claims that EtC02 more closely follows the temperature-corrected P acoi5,28, other authors have found little or no benefit in correcting ABG samples to patient temperature I8 ,33.
Use of an expiratory pause of 4-8 seconds during EtC02 sampling has been advocated by Bermudez and Lichtiger26 . Whilst this manoeuvre should sample more high-C0 2 -containing alveoli that are slow to empty, and perhaps reduce the PaC02-EtC02 gradient, the authors found that their gradients were in fact greater than those found in a similar group of post-CPB patients whose authors did not employ an expiratory pause 7 . Furthermore, use of the expiratory pause has been criticised because it ignores the considerable breath-to-breath variations in C02 elimination, and may allow entrainment of fresh, non-C0 2 containing gas into the sampling tube 27 . Other authors suggest that an expiratory pause may be most beneficial during fast ventilator rates in an attempt to more accurately sample the C02 from slower emptying alveoli.
Alternatively, transcutaneous C02 (TCC02) monitoring may be a more consistent and non-invasive predictor of PaC02, making it particularly useful in neurosurgical patients I9 ,33,41. However, TCC02 changes may lag behind changes in EtC02, and may be inaccurate in reduced peripheral perfusion and during haemodynamic instabilityI9,41. Lastly, the analysis of mixed venous C02 levels may more closely reflect changes in P aC02 than does capnography48.
Routine hyperventilation in neurosurgical patientscurrent opinion
The value of our traditional practice of routine hyperventilation during neuroanaesthesia and neurointensive care is now being reappraised. Two recent articles 49 ,5o address the controversy and stress the importance of employing hyperventilation and induced hypocarbia for specific indications only. The potential for complications must be appreciated and C02 levels may be normalized following re-evaluation of the operating conditions and the available monitoring. The importance of intraoperative P a co r EtC0 2 differences and the increasing use of capnography to control C02 levels are unfortunately not discussed in these reviews.
Hyperventilation during elective intracranial surgery is commonly used to help reduce ICP and facilitate surgical exposure. However, with proper patient posi-tioning to minimize cerebral venous pressure, the administration of diuretics, and CSF drainage, the use of hypocarbia to further reduce brain bulk may be unnecessary", especially after the dura is opened 52 • Furthermore, in a swine model of retraction ischaemia, Andrews and Mut0 53 recently found that hyperventilation to a P aC02 of 28 mmHg may, in fact, further reduce CBF in the vicinity of brain retractors, leading to an early loss of cortical evoked potentials. Similar effects were seen during nitroprusside-induced hypotension to a MAP of 40 mmHg and in older animals. The authors concluded that during neurosurgical procedures indiscriminate hyperventilation must be avoided.
Although a reduction in ICP may well increase cerebral perfusion pressure (CPP) in ischaemic areas where autoregulation is defective 54 , the net effect of hyperventilation and hypocarbia on cerebral haemodynamics and regional CBF is highly variable. In awake and healthy human volunteers, only hyperventilation to P aC02 < 20 mmHg causes cerebral vasoconstriction severe enough to be associated with EEG evidence of cerebral ischaemia 55 • 56 • However, in the context of anaesthesia and surgery, especially in patients at additional risk of developing focal cerebral ischaemia, the situation is much more complex, and such traditional "safety limits" cannot be recommended. C02 responsiveness in and surrounding areas of pathological brain is difficult to predict 57 , and any favourable effect of hyperventilation and hypocarbia on ICP and cerebral perfusion may not occur in an open cranio-tomy57. Equally important physiological determinants of regional CBF include CMR02, brain temperature, MAP, autoregulation and CSF pH 10,49,50. The nature of the intracranial pathology as well as the integrity of collateral blood vessels are also clearly important patient factors. The effects of different anaesthetic drugs on ICP, CBF and CO 2 -reactivity are known 58 , but these effects are dose-dependent and vary with patient pathology.
The ability of hypocarbia to shunt blood away from normal CO 2 -responsive areas of brain into abnormal non-C02-responsive ischaemic areas (inverse-steal or "Robin Hood" phenomenon) was first proposed by Brawley59 and Lassen and Palvolgyi '3 in the 1960s. However, in the context of focal cerebral ischaemia, a consistent favourable redistribution of CBF into ischaemic areas with induced hypocapnia has been difficult to prove in animals or in humans. Despite a recent anecdote suggesting that acute hypocarbia could reverse the EEG signs of ischaemia induced by carotid cross-clamping 6o , hypocarbia seems more likely to worsen focal cerebral injury by cerebral vasocontriction 57 57 does not support the use of hypocarbia as a means of reducing ischaemic neuronal damage, suggesting maintenance of normocarbia in patients at risk of intraoperative cerebral ischaemia.
Another alleged benefit of hyperventilation is the associated systemic alkalosis, that is reputedly "protective", by modulating intracellular calcium levels and extracellular cerebral lactic acidosis 62 . 64 • CSF lactic acidosis occurs in head injury, ischaemic brain injury, as well as in patients with cerebral tumours and intracerebral haemorrhage, and is thought to contribute to tissue dysfunction and an increased morbidity62. Vanicky and co-workers 63 found that in dogs, hyperventilation to a pH of 7.6 following cardiac arrest, prevented abnormal EEG activity during their resuscitation and reduced the number of haemorrhages seen on the brain surface at post mortem. However, their numbers were small (n = 11), CSF or brain pHs were not measured, and the authors admitted that their hypotheses were "highly speculative". Intrathecal bicarbonate 64 and alkalising drugs 62 may be beneficial following head injury, but like hyperventilation-induced respiratory alkalosis, the reason for this is unclear, and all three remain unproven in humans.
The short-term use of hyperventilation to treat acute severe intracranial hypertension may be life-saving in head-injured patients prior to definitive decompressive craniotomy. In combination with hypnotics or barbiturates, hyperventilation will also help control the marked cerebral hyperaemia typical of young headinjured patients with diffuse cerebral injury. However, Dearden, Miller and Cold 9 ,65,66 all stress that hyperventilation may jeopardise vasodilation secondary to compromised cerebral perfusion, or even worsen existing cerebral oligaemia and increased ICP. The latter occurs especially in elderly patients with focal contusion or in patients with brain swelling following evacuation of an extracerebral haematoma. In addition, any improved outcome from prolonged hyperventilation and hypocarbia in head-injured patients is difficult to show 67 , perhaps because CSF pH and CBF return to normal levels after 24 hours. Routine hyperventilation cannot, therefore, be advocated in the neuroanaesthetic and neurointensive care management of all head-injured patients.
CONCLUSION
There is increasing recogmtlOn that the routine institution of hyperventilation for all patients undergoing craniotomy or neurovascular procedures is unwarranted, although short-term hyperventilation may reduce brain bulk and be beneficial, or even life-saving in certain clinical situations.
During many elective craniotomies and nonneurovascular intracranial procedures, manipulation of P a co 2 in an attempt to improve operating conditions may be of little clinical significance. At least in these cases the value of close intraoperative CO 2 control and the debate surrounding the risks and benefits of hypocarbia has little relevance. However, extremes of P a co 2 cannot always be prevented by assumptions made from capnography alone.
Where patients are at greater risk of intraoperative cerebral ischaemia, e.g., during prolonged hypocarbia and removal of large cerebral tumours, during cerebral AVM or aneurysm surgery, or carotid endarterectomy, and during the perioperative management of head injury, any use of hyperventilation should have its net effect on ICP and cerebral 02 delivery evaluated and adjusted. This may be according to the operating conditions, or increasingly, the growing armamentarium of cerebral monitoring devices. These include ICP monitoring, sensory and motor evoked potential, the processed EEG, CBF measurement, transcranial doppler, jugular venous oxygen saturation 65 ,68 and non-invasive cerebral optical spectroscopy69. Furthermore, intraoperative P aCOrEtC02 gradients may frequently be larger than expected, negative or unstable, making serial ABG analysis important in these patients to accurately determine the true P a co 2 .
In summary, we recommend a more critical appraisal of the use of hyperventilation and deliberate hypocarbia during neuroanaesthesia, and also of our reliance upon capnography in the prediction of the intraoperative P aC02.
